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Outline

• PeV and keV neutrino signals

the “neutrino-oscillation portal” 
and enhanced interactions of new neutrinos

• MeV dark matter signals

neutrino experiments as dark matter detectors, 
in particular searches for 0ν2β decay

2 parts in model-space
3 parts in energy-space
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PeV signals
from neutrinos

w/ M. Kamionkowski and M. Pospelov

...preliminary explorations
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Energy Spectrum

I Harder than
any expected
atmospheric
background

I Merges well
into expected
backgrounds at
low energies

I Potential cuto↵
at 1.6+1.5

�0.4 PeV

IceCube Preliminary

N. Whitehorn, UW Madison IPA 2013 - 32

IceCube
high energy neutrino flux

•  IceCube IC-79/IC-86 2 year data

2 events at PeV energy 

26 more event 20-200 TeV 
(follow-up analysis)

•  First indication of extragalactic
neutrino flux

•  Highest energy neutrino events
ever observed

Aartsen et al. 2013
talks by Whitehorn and Kopper @ IPA2013, ...
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IceCube
event topologies

track shower
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IceCube
event topologies

CC NC

W Z

⌫
l

⌫
⌫

...showers
   (for sub-PeV    )  

⌫µ

⌫e,⌧
⌫⌧

...tracks ... showers
   ~ 40% of      depositedE⌫

⌫
x
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data
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• harder spectrum than expected 
from atm. backgrounds (4σ)

• consistent with isotropic flux

•potential cutoff above 
~ 2 PeV?

where is the Glashow 
resonance @ 6.3 PeV?

e´

⌫̄e

W

mW “
a
2meE⌫

IceCube
reported features

Glashow resonance
Aartsen et al. 2013
talks by Whitehorn and Kopper @ IPA2013, ...
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• Flux and spectral index:

fraction in flavor ↵

s “ 2mpE⌫

� „ G2
F s

=> assuming all nu in 
e-flavor gives a more 
conservative flux estimate

�d
↵ “ 4⇡�0f↵

ˆ
E⌫

1TeV

˙´�

IceCube
required flux
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• Flux and spectral index:

fraction in flavor ↵

=> assuming all nu in 
e-flavor gives a more 
conservative flux estimate

�d
↵ “ 4⇡�0f↵
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W.B.

Φ = 4πφ0 (Eν/1TeV)−γ

CC, e flavor only

spectral index γ
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• Flux and spectral index:

fraction in flavor ↵

=> assuming all nu in 
e-flavor gives a more 
conservative flux estimate

γ = 2
best fit

data
bkg.CC, e flavor only
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Origin of PeV neutrinos

p ` � Ñ �` Ñ ⇡` ` n

p ` p Ñ r⇡0 ` ⇡` ` ⇡´s ` X,

• (extragalactic) CR generated 
neutrino flux

�s
e`ē : �

s
µ`µ̄ : �s

⌧`⌧̄ “ 1 : 2 : 0

flavor ratios at source

• high-energy neutrino flux limited by 
Waxman-Bahcall bound

E2
⌫�⌫ À 10´8 GeV cm´2s´1

=> PeV neutrinos come from 
close the second knee, with same 
spectral index (pp)

E⌫ „ 0.05Ep

assumes optically thin sources of 
high-E protons 

Fermi acceleration of p 

⌧p� † 1

�p “ 2

flavor ratios at detector

�d
e`ē : �

d
µ`µ̄ : �d

⌧`⌧̄ » 1 : 1 : 1

�d
� “ P�↵�

s
↵
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• induce signals in excess of the Waxman-Bahcall bound?

• “suppress” events in the Glashow resonance region / spectral cut off?

• change observables like shower/track ratio or sky-distribution?

• relax the relation between diffuse gamma rays and nu-flux?

But IceCube, at those energies, may also tell us more about new physics
in the neutrino sector. Can we:

The measurements of the high-E neutrino flux will primarily educate us 
about the origin of high-E cosmic rays. 

A new window into neutrino 
physics?

see, e.g.,  Murase et al., Laha et al. Fox et al.
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a reminder of why it’s fair to think
about new physics at this early stage

Nuclear Physics B347 (1990) 1—il
North-Holland

NEUTRINO MOMENTS, MASSES AND CUSTODIAL SU(2) ~

Howard GEORGI and Michael LUKE

Lyman Laboratory ofPhysics, Hartard Uniiersiiv, Cambridge, MA 02138, USA

Received 17 April 1990

We identify and exemplify a new mechanism which leads to a nonzero magnetic moment for
a neutrino, while suppressing the neutrino’s mass. The mechanism requires that the contribution
to the neutrino mass of thc new particles that are responsible for its magnetic moment is
approximately canceled by a contribution from neutral particles, related by a custodial SU(2)
symmetry.

1. The problem

Most likely, the solar neutrino problem LI] has nothing whatever to do with
particle physics. It is a great triumph that astrophysicists are able to predict the
number of B8 neutrinos coming from the sun as well as they do, to within a factor
of 2 or 3 [2]. However, one aspect of the solar neutrino data, the apparent
modulation of the flux of solar neutrinos with the sun-spot cycle, is certainly
intriguing [3]. It is, of course, possible that this is an astrophysical problem rather
than a particle physics problem. But that would require a synchronization of cycles
of the interior of the sun with those of the convective layer. both in frequency and
in phase. Thus it seems particularly interesting that there may be a particle physics
explanation of this effect [4],involving a magnetic moment of the electron neutrino
of the order of 1O~’1js~.
The obvious difficulty with this explanation is that it is hard to see how the

neutrino could have such a large magnetic moment without having too large a
mass. The point is the following. Consider a Feynman diagram contributing to the
neutrino magnetic moment, as in fig. 1. The right-handed neutrino here may be
the singlet VR, or perhaps more interesting, an antineutrino of a different flavor.
This distinction does not matter for the estimates below.
Any such diagram, if the external photon line is removed, gives rise to a diagram

that contributes to the neutrino mass, such as that shown in fig. 2.

* Research supported in part by the National Science Foundation under grant PHY-8714654.

(J550-3213/90/$03.50© 1990 — Elsevier Science Publishers B.V. (North-Holland)
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• new          gauge factor, which couples new left-handed neutrino     
to quarks but not to leptons via V-type

Enhanced interactions with
baryonic currents M. Pospelov PRD 2011

U(1)b

Dµ⌫b “ pBµ ` iq⌫gBVµq⌫b

gB

gB
3

⌫b ⌫b

q q p, n p, n

⌫b ⌫b

ñ

“baryonic neutrino”

Vµ

⌫b

q2 ! m2
V g2B

m2
V

” GB " GF

•                     requires light mediator mass  mV “ OpMeV ´ GeVq

{D “ {DSM ` i
gB
3
�µV

µ

GB{GF " 1
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Neutrino oscillation portal
•         is the small parameter controlling the 

appearance probability into a new flavor.
Consider, e.g.

�m2

1

2, 4

3

�m2
d

�m2
atm.

n2 “ cos ✓24n
0
2 ´ sin ✓24n

0
4,

n4 “ sin ✓24n
0
2 ` cos ✓24n

0
4

U “ U3R
24p✓24q

✓24 ‰ 0

•we consider small new angles
in order to keep the standard oscillation picture largely intact
(this still has to be quantified better)

✓i4 À 0.1

for constraints on mixing with sterile neutrinos 
see, e.g., Kopp et al. 2013
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Neutrino oscillation portal

• appearance probability of new flavor “b” 3

�m2
d

�m2
atm.

Say, atmospheric splitting dominates

sin2
`
2✓e↵b↵

˘
“ 4

ˇ̌
ˇ̌
ˇ

ÿ

k°A

U˚
↵kUbk

ˇ̌
ˇ̌
ˇ

2

Pb↵ “
ˇ̌
ˇ̌
ˇ
ÿ

k

U˚
↵kUbke

´i
�m2

k1L

2E

ˇ̌
ˇ̌
ˇ

2

Pb↵ “ sin2
`
2✓e↵b↵

˘
sin2

ˆ
�m2

atm.L

4E

˙

small        guards new interactions from 
detection in terrestrial neutrino experiments!

�m2
sin2 2✓e↵be,µ,⌧ “ 0

✓24 ‰ 0 2, 4

1

A=1,2,4
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Neutrino oscillation portal

Pb↵ “ 1

2
|USM

↵i |2 sin2 2✓i4

P�↵ “
ˇ̌
ˇ̌
ˇ
ÿ

i

U˚
↵iU�ie

´iEit

ˇ̌
ˇ̌
ˇ

2

Ñ
ÿ

i

|U↵i|2|U�i|2.

•BUT portal may not guard new interactions on 
astrophysical baselines

L
osc

“ 4⇡E⌫

�m2

« 1 kpc

ˆ
10´10 eV2

�m2

˙ ˆ
E⌫

1PeV

˙

•oscillations average out, appearance is incoherent process

• IceCube can pick up appearance of the new state!
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IceCube
event topologies

CC NC + NCB

W Z

⌫
l

⌫
⌫

+ additional shower events
XX% of       deposited

, V

E⌫

...showers
   (for sub-PeV    )  

⌫µ

⌫e,⌧
⌫⌧

...tracks ... showers
   ~ 40% of      depositedE⌫

⌫
x
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DIS cross section

sea

valence
σνb( ν̄b)
B

σν̄e

σν
CC

mV = 1 GeV

.

E ν ( G eV )

σ/
E

ν
(c
m

2 /
G
eV

)

10121010108106104102

10− 35

10− 36

10− 37

10− 38

10− 39

10− 40

10− 41

10− 42

10− 43

10− 44

d

2
�̄B

dxdy

“ G

2
Bq

2
B

2⇡

E⌫mN
p1 ` Q

2{m2
V q2 ˆ (”Baryonic Form Factor”)

GB “ 200GF

•A new light mediator V cuts
off cross section at lower energies

=> less PeV for more TeV events

=> effective suppression of events in 
the Glashow resonance region!
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sea

valence
σνb( ν̄b)
B

σν̄e

σν
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mV = 1 0GeV
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DIS cross section
d

2
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dxdy

“ G

2
Bq

2
B

2⇡

E⌫mN
p1 ` Q

2{m2
V q2 ˆ (”Baryonic Form Factor”)

GB “ 200GF

•A new light mediator V cuts
off cross section at lower energies

=> less PeV for more TeV events

=> effective suppression of events in 
the Glashow resonance region!
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mV = 10GeV

mV = 1GeV

NC, ν

NC, ν

.

Eν (GeV)

〈y
〉

1010109108107106105104103102101

0.5

0.45

0.4

0.35

0.3

0.25

0.2

0.15

0.1

DIS average inelasticity

xyyE⌫

y “ E⌫ ´ E1
⌫

E⌫

...average energy
deposited in the 
detector

baryonic scatterings 
are softer than NC

=> heavier mediators
are favorable
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Flux at Detector (d) from 
CR origin at source (S):

Event rate
� “ flux ˆ cross section ˆ detector e�ciency

�d
b`b̄ » �d

µ`µ̄ sin
2 2✓i4

|USM
ei |2 ` 2|USM

µi |2
2P SM

eµ ` 4P SM
µµ

�d
� “ P�↵�

s
↵

consider ideal detector,1

“Softness” of NCB drives one
to consider heavier vectors V

NCB
track

shower (SM)
shower (SM+NCB)

Neff = 70

mV = 10GeV

GB/GF = 500

sin θ24 = 0.1

registered energy Evis [TeV]

E
v
is
dN

/d
E

v
is
(1
/k

m
3
/y

r)

104103102101

103

102

101

1

10−1
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IceCube observable
shower/track ratios

CDF monojet

(103 − 104)TeV

(10− 103)TeV

100

10

2

sin θ24 = 0.1

showers(NCB+SM)/showers(SM)

mV (GeV)

G
B
/G

F

101

104

103

102

101
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IceCube observable
shower/track ratios

CDF monojet

(103 − 104)TeV

(10− 103)TeV

100

10

2

sin θ24 = 0.1

showers(NCB+SM)/showers(SM)

mV (GeV)

G
B
/G

F

101

104

103

102

101

combination of largish vector masses together with large coupling
is excluded by collider monojet constraints. 

Friedland et. al, 2012
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CDF monojet

(103 − 104)TeV

(10− 103)TeV

100

10

2

sin θ24 = 0.1

showers(NCB+SM)/showers(SM)

mV (GeV)

G
B
/G

F

101

104

103

102

101

=> we can fix the model by 
increasing the energy deposition in 
the scattering, e.g.

⌫b1 ⌫b2

⌫b1

⌫̄b1�µ⌫V
µ⌫⌫b2

...stay tuned

IceCube observable
shower/track ratios
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keV signals
from baryonic 

neutrinos
based on M. Pospelov, JP, 
PRD 85, 113016 (2012)

+ updates for 2013
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Neutrino oscillation portal

• portal may not guard new interactions on 
astrophysical baselines

L
osc

“ 4⇡E⌫

�m2

« 1 kpc

ˆ
10´10 eV2

�m2

˙ ˆ
E⌫

1PeV

˙

• appearance of     in the solar neutrino flux

•NC-type interactions from a solar flux on baryons at MeV energies!

L
osc

“ 4⇡E⌫

�m2

« 1AU

ˆ
10´10 eV2

�m2

˙ ˆ
E⌫

10MeV

˙
consider low energy process

⌫b



• Coherent neutrino nucleus scattering with

     MeV-energy observables
from a solar flux of   

d⇤

d cos �
=

1

8⇥
G2

FE
2
�

⇥
Z(4 sin

2 �W � 1) +N
⇤2

(1 + cos �)

G2
F pN{2q2 ñ G2

BA
2

• crucial insight: 

=> Dark Matter searches become competitive with neutrino 
experiments

=> D breakup in SNO does not constrain this scenario

��bN (elastic)

��bN (inelastic)
� A2

E4
�R

4
N

� O(108) M. Pospelov PRD 2011

⌫b
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one 
species
 

three 
signals?
• DAMA:   250 kg of scintillating NaI crystals, running since 

1995, exposure in excess of 1 ton x year, no discrimination

• CoGeNT: 440 g Ge crystal, 807 live days; ionization only, no 
discrimination

• CRESST: scintillation and phonons; 730 kg days, multi-target

***
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one 
species
 

four
signals?
• DAMA:   250 kg of scintillating NaI crystals, running since 

1995, exposure in excess of 1 ton x year, no discrimination

• CoGeNT: 440 g Ge crystal, 807 live days; ionization only, no 
discrimination

• CRESST: scintillation and phonons; 730 kg days, multi-target

• CDMS-Si: ionization and phonons; 140 kg days

***
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one 
species
 

four
signals?
• DAMA:   250 kg of scintillating NaI crystals, running since 

1995, exposure in excess of 1 ton x year, no discrimination

• CoGeNT: 440 g Ge crystal, 807 live days; ionization only, no 
discrimination

• CRESST: scintillation and phonons; 730 kg days, multi-target

• CDMS-Si: ionization and phonons; 140 kg days

***
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Direct detection of

dR(t)

dER
= NT


L0

L(t)

�2 X

i

�i

Z

Emin
⌫

dE�
dfi
dE�

d�

dER
Pb(t, E�)

overall flux 
modulation

average over
neutrino spectrum i

L(t) = L0

⇢
1� � cos


2⇥(t� t0)

1 yr

�� L0 = 1AU

t0 ' 3 Jan (perihelion)

� = 0.0167 (eccentricity)

⌫b

like SM-neutrinos with G2
F (N/2)2 ! G2

BA
2

appearance probability
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17F
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8BGermanium
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AGe = 70� 76

8B

Ne� = 100

Direct detection of ⌫b

N 2
e↵ “ 1

2

ˆ
GB

GF

˙2

sin2 2✓24PebpL,E⌫q » sin2p2✓24q sin2
„
�mLptq
4E⌫

⇢

high energy solar flux exits sun mainly as ⌫2
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dR(t)

dER
= NT


L0

L(t)

�2 X

i

�i

Z

Emin
⌫

dE�
dfi
dE�

d�

dER
Pb(t, E�)

more modulation here

L
osc

L
0

' 0.5⇥
✓
10�10 eV

�m2

◆✓
E⌫

10MeV

◆
oscillation-length on the 
order sun-earth distance

=> flip phase for high energy part of the neutrino 
spectrum? explain DAMA?

Direct detection of ⌫b



    Josef Pradler - INFO 2013

νb
DAMA 2010

χ2/d.o.f. = 9.3/8

∆m2 = 2.52 × 10−10 eV2

Neff = 102

.

Ev [keVee]
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2015105
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fit only first 10 bins

DAMA
modulation amplitude
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phase off by one month!  

(2–6 keV)

days since Jan 1, 1995

5000450040003500
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DAMA/LIBRA 0.87 ton×yr

(2–4 keV)
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0
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DAMA
time series
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oGeNToC

bkg.

νb

CoGeNT 807 days, subtracted

∆m2 = 1.74 × 10−10 eV2

Neff = 104

Ev [keVee]
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L-shell bkg. subtracted

CoGeNT 442 days

∆m2 = 1.76 × 10−10 eV2

Neff = 228
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• unexplained rise in Ge towards 
threshold
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CRESST-II

�2
P /d.o.f. = 27.8/28

CRESST-II 730 kg×days

Ev (keV)
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u
nt
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ke
V

40353025201510

10

8

6

4

2

0

observed
n
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νb

CRESST-II 730 kg×days

Ev (keV)
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u
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V

40353025201510

10

8

6

4

2

0

• 8 CaWO4  crystals, 730kg days

• 67 events, only half 
understood as background

Angloher et al EPJC 2012
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Neff = 49

∆m2 = 4× 10−9 eV2

CDMS-II Si 140 kg×days

Er [keV]

d
R
/
d
E

r
(e
v
en
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/
k
eV

)

14131211109876

1

10−1

10−2

10−3

CDMS-Si 2013
3 events, 0.2% probability of known background-only hypothesis
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99% C.L.
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99% C.L.
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here Qy from Angle et. 
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Outlook

prediction for Xenon100 
(using most recent Qy 

measurement by Xe100, 
Aprile et al. 2013)

prediction for COUPP
bubble chamber (CF3I)

COUPP, 60 kg×1 year
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∆m2 = 3× 10−10 eV2
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• Borexino plans to constrain the model from
possibly down to  

12C˚p4.4MeVq
Ne↵ “ 10
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• Efficient trapping with large diffusion zone will likely prevent
direct emission of     with high enough temperature for direct detection 

• can it affect dynamics of explosions?

• diffuse SN signal may be detectable as well

⇡

n

n

n

n

⌫b
⌫b

freezes out quickly
=> high T spectrum!

highly insulating scattering sphere

⌫b

Baryonic neutrinos in SN

⌫b

•  nearby SN detectable => signal in direct detection from oscillation
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MeV signals
from dark matter

H.An, M. Pospelov, JP, 
PRL 109 (2012) 251302
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 WIMP miracle

DMDM
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Dark Matter Candidates 10

FIG. 2 The comoving number density Y (left) and resulting thermal relic density (right) of a 100
GeV, P -wave annihilating dark matter particle as a function of temperature T (bottom) and time
t (top). The solid contour is for an annihilation cross section that yields the correct relic density,
and the shaded regions are for cross sections that di↵er by 10, 102, and 103 from this value. The
dashed contour is the number density of a particle that remains in thermal equilibrium.

Although mX does not enter ⌦X directly, in many theories it is the only mass scale that
determines the annihilation cross section. On dimensional grounds, then, the cross section
can be written

�Av = k
g4weak

16⇡2m2
X

(1 or v2) , (8)

where the factor v2 is absent or present for S- or P -wave annihilation, respectively, and terms
higher-order in v have been neglected. The constant gweak ' 0.65 is the weak interaction
gauge coupling, and k parameterizes deviations from this estimate.

With this parametrization, given a choice of k, the relic density is determined as a function
of mX . The results are shown in Fig. 3. The width of the band comes from considering both
S- and P -wave annihilation, and from letting k vary from 1

2
to 2. We see that a particle that

makes up all of dark matter is predicted to have mass in the range mX ⇠ 100 GeV� 1 TeV;
a particle that makes up 10% of dark matter has mass mX ⇠ 30 GeV � 300 GeV. This is
the WIMP miracle: weak-scale particles make excellent dark matter candidates. We have
neglected many details here, and there are models for which k lies outside our illustrative
range, sometimes by as much as an order of magnitude or two. Nevertheless, the WIMP
miracle implies that many models of particle physics easily provide viable dark matter
candidates, and it is at present the strongest reason to expect that central problems in
particle physics and astrophysics may in fact be related. Note also that, for those who
find the aesthetic nature of the gauge hierarchy problem distasteful, the WIMP miracle

from Feng 2008

⌦DM / 1

h�annvi

imposing a thermal history can provide an important calibration point 
for mass and interaction strengths of DM 

�vv ⇠ ↵2
DM

mDM
⇠ 1 pb

=> electroweak scale physics with weak strength 
interactions offer a natural solution = “WIMP”

=> fuels hopes for a laboratory test
but there many more possibilities: superWIMPs, secluded WIMPs, super-cold DM...
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WIMP miracle

• What if direct link to SM is too feeble?

=> no correct thermal abundance
=> little direct detection prospects

• Co-annihilation can guarantee 
abundance Griest, Seckel PRD 1991

X0X± ! SM
X0X0 ! X+X� ! SM

Tfreeze '
mX0

20
) �m . 0.05mX0

X0

X±

SM

cheat-sheet���������	
��������������������  for���������	
��������������������  a
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Excited states of DM

• in the potential of the nucleus, excited state is accessible

=> capture

V prbq ` �m † 0

“critical zone”

rb

nucleus

X0

Eb “ OpMeVq
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Excited states of DM

• in the potential of the nucleus, excited state is accessible

=> capture

• offers a new kind of signature

nucleus

Eb “ OpMeVq
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DM in neutrino experiments

•        experiments look for extremely rare MeV energy deposits0⌫2�

n p
e´

e´

e´

e´
n p

n p

n p

⌫̄e
⌫̄e

MS signal induced by dark matter 

Xe 

�
e+ ��

•  e+ deposits energy 
during propagation 
and then finds an e- 
to annihilate into to 
gammas. 

•  Excited state 
decays to ground 
state by emitting 
gammas. 

EXO200, Xenon chamber 

(⌧̃�Xe)

A. different spin: 

(⌧̃�Xe)0 + �0s

e�
X0
X02� 0⌫2�
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DM in neutrino experiments

• first data from 
EXO-200 and 
Kamland-Zen  
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EXO-200 collaboration, 2012

•        experiments look for extremely rare MeV energy deposits0⌫2�
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MS signal induced by dark matter 

Xe 

�
e+ ��

•  e+ deposits energy 
during propagation 
and then finds an e- 
to annihilate into to 
gammas. 

•  Excited state 
decays to ground 
state by emitting 
gammas. 

EXO200, Xenon chamber 

(⌧̃�Xe)

A. different spin: 

(⌧̃�Xe)0 + �0s

e�
X0
X02� 0⌫2�
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Case B: same spin

L � ge↵(X
0@µX+ �X+@µX0)W�

µ

X0

N
Z

N
Z+1

W

X−

X0

N
Z

N
Z

e+

X−

L � yX0e+X� + h.c.

NZ +X0 ! (NZX
�) + e+ NZ +X0 ! (NZ+1X

�)

Generic cases for
charged excitations  
Case A: different spin
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L � ge↵(X
0@µX+ �X+@µX0)W�

µL � yX0e+X� + h.c.

“neutralino-stau scenario” “sneutrino-stau scenario”

LA = �̄(geLPL + geRPR)e⌧̃
† + h.c. LB =

ge↵
2

W�µ(@µ⌧̃
†⌫̃0 � ⌧̃ †@µ⌫̃

0) + h.c.

ge↵ = g2 cos ✓⌧̃ cos ✓⌫̃0

sterile-active mixing angle
LR stau mixing angle

flavor off-diagonal
Yukawa coupling

Readily realized in
Supersymmetry  

Case B: same spinCase A: different spin
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• Ground state wave function for various nuclear charge 
distributions, e.g.

Rgauss

Rh.sph

Rpoint

1S (12CX−)

r [fm]

R
[f
m

−
3
/
2
]

43.532.521.510.50

8
7
6
5
4
3
2
1
0

Nucleus

|Eb(point)| = 10.7MeV |Eb(hom.sph.)| = 2.8MeV

|Eb(gauss)| = 2.6MeV

X�

N
12C

Exotic bound states
basic properties
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Recombination
Case A
• cross section into state n, l

�nlv ' |geL|2 + |geR|2

8⇡m�

q
(|Eb,nl|��m)2 �m2

e(|Eb,nl|��m)Inl(v)

inelastic cross section  (“Bethe’s law”) � / 1/v ✓

(F.T. of the wave function)

Inlm(v) =

Z
d3r1d

3r2  
⇤
nlm(r1) nlm(r2)e

iµ(r1�r2)·v

= �m0(4⇡)(2l + 1)

Z
dr runl(r)jl(µrv)

�2
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• cross section into state n, l

• total cross section

�nlv ' |geL|2 + |geR|2

8⇡m�

q
(|Eb,nl|��m)2 �m2

e(|Eb,nl|��m)Inl(v)

kinematic condition: 
bound state can only form if 
potential energy can overcome 
mass gap and create a positron 

�Av =
X

n,l

�n,lv

which n’s are accessible depends on
  => for heavy nuclei one must include n = 50...100...!

�m

Recombination
Case A
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• if so many quantum states are accessible we approach a 
semi-classical limit:

• integration of fly-by time when 
gives rate for transition

=> semi-classical 
     cross section 

N

r < rb

Recombination
Case A

V prbq ` �m † 0

“critical zone”

rb

nucleus

X0
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The correspondence 
principle at work

|geL|2 + |geR|2 = 1

mχ = 1TeV
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〉
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• EXO-200

: Kamland-Zen and EXO-200

• Kamland-Zen

⌀3m Balloon
13 ton Liquid Scint. 
130kg            fiducial
77 live-days
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33 kg x 1 yr
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“multi-site”
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Constraints
EXO-200

MS signal induced by dark matter 

Xe 

�
e+ ��

•  e+ deposits energy 
during propagation 
and then finds an e- 
to annihilate into to 
gammas. 

•  Excited state 
decays to ground 
state by emitting 
gammas. 

EXO200, Xenon chamber 

(⌧̃�Xe)

A. different spin: 

(⌧̃�Xe)0 + �0s

e�

⇤

• spatial EXO resolution ~ 1cm

• “Multiple Site” event because
MeV-scale gamma-rays have a 
mean free path of ~ 6 cm

• total deposited energy (recoil 
of the bound states negligible)

• monochromatic spectrum

E
tot

= E(0)

b ��m+me

Eb ⇡ 18MeV
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MS signal induced by dark matter 

Xe 

�
e+ ��

•  e+ deposits energy 
during propagation 
and then finds an e- 
to annihilate into to 
gammas. 

•  Excited state 
decays to ground 
state by emitting 
gammas. 

EXO200, Xenon chamber 

(⌧̃�Xe)

A. different spin: 

(⌧̃�Xe)0 + �0s
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FIG. 4: MS (top) and SS (bottom) energy spectra from the
2,896.6 hours of low background data used for this analysis.
The best fit line (solid blue) is shown. The background com-
ponents are 2νββ (grey region), 40K (dotted orange), 60Co
(dotted dark blue), 222Rn in the cryostat-lead air-gap (long-
dashed green), 238U in the TPC vessel (dotted black), 232Th
in the TPC vessel (dotted magenta), 214Bi on the cathode
(long-dashed cyan), 222Rn outside of the field cage (dotted
dark cyan), 222Rn in active xenon (long-dashed brown), 135Xe
(long-dashed blue) and 54Mn (dotted brown). The last bin on
the right includes overflows. There are no overflows in the SS
spectrum.

These variations are used as measures for the systematic
uncertainties in the final fit. The 71% MC estimate for
the 0νββ efficiency is further verified over a broad en-
ergy range by comparing the 2νββ MC efficiency with
low-background data. Although the 2νββ spectrum has
vanishing statistical power at Qββ, the efficiency is found
to be a smooth function of the energy and agrees with
the simulated efficiency to within the ±9.4% overall scale
uncertainty mentioned above.
The fiducial volume used in this analysis contains

79.4 kg of 136Xe (3.52×1026 atoms), corresponding to
98.5 kg of active enrLXe. The trigger is fully efficient
above 700keV. The cut represented by the dashed diago-
nal line in Figure 1 eliminates a population of events due
to interactions in the enrLXe region for which the charge
collection efficiency is low, leading to an anomalous light-
to-charge ratio. This cut also eliminates α decays from
the low background data, but causes only a negligible
loss of efficiency for γ- and β-like events. Cosmic-ray in-
duced backgrounds are removed using three time-based
cuts. Events preceded by a veto hit within 25ms are re-
moved (0.58% dead time). Events occurring within 60 s
after a muon track in the TPC are also eliminated (5.0%
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FIG. 5: Energy spectra in the 136Xe Qββ region for MS (top)
and SS (bottom) events. The 1 (2)σ regions around Qββ are
shown by solid (dashed) vertical lines. The 0νββ PDF from
the fit is not visible. The fit results have the same meaning
as in Figure 4.

dead time). Finally, any two events that occur within 1 s
of each other are removed (3.3% dead time). The combi-
nation of all three cuts incurs a total dead time of 8.6%.
The last cut, combined with the requirement that only
one scintillation event per frame is observed, removes β-
α decay coincidences due to the time correlated decay
of the 222Rn daughters 214Bi and 214Po. Alpha spectro-
scopic analysis finds 360±65 µBq of 222Rn in the enrLXe,
that is constant in time.
The SS and MS low background spectra are shown in

Figure 4. Primarily due to bremsstrahlung, a fraction
of ββ events are MS. The MC predicts that 82.5% of
0νββ events are SS. Using a maximum likelihood estima-
tor, the SS and MS spectra are simultaneously fit with
PDFs of the 2νββ and 0νββ of 136Xe along with PDFs
of various backgrounds. Background models were devel-
oped for various components of the detector. Results
of the material screen campaign, conducted during con-
struction, provide the normalization for the models. The
contributions of the various background components to
the 0νββ and 2νββ signal regions were estimated using
a previous generation of the detector simulation [8]. For
the reported exposure, components found to contribute
< 0.2 counts (0νββ) and < 50 counts (2νββ), respec-
tively, were not included in the fit. For the current ex-
posure, the background model treats the activity of the
222Rn in the air-gap between the cryostat and the lead
shielding as a surrogate for all 238U-like activities exter-
nal to the cryostat, because of their degenerate spectral

24 events between 
3.5-10MeV

EXO-200 PRL 2012

Constraints
EXO-200
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FIG. 4: MS (top) and SS (bottom) energy spectra from the
2,896.6 hours of low background data used for this analysis.
The best fit line (solid blue) is shown. The background com-
ponents are 2νββ (grey region), 40K (dotted orange), 60Co
(dotted dark blue), 222Rn in the cryostat-lead air-gap (long-
dashed green), 238U in the TPC vessel (dotted black), 232Th
in the TPC vessel (dotted magenta), 214Bi on the cathode
(long-dashed cyan), 222Rn outside of the field cage (dotted
dark cyan), 222Rn in active xenon (long-dashed brown), 135Xe
(long-dashed blue) and 54Mn (dotted brown). The last bin on
the right includes overflows. There are no overflows in the SS
spectrum.

These variations are used as measures for the systematic
uncertainties in the final fit. The 71% MC estimate for
the 0νββ efficiency is further verified over a broad en-
ergy range by comparing the 2νββ MC efficiency with
low-background data. Although the 2νββ spectrum has
vanishing statistical power at Qββ, the efficiency is found
to be a smooth function of the energy and agrees with
the simulated efficiency to within the ±9.4% overall scale
uncertainty mentioned above.
The fiducial volume used in this analysis contains

79.4 kg of 136Xe (3.52×1026 atoms), corresponding to
98.5 kg of active enrLXe. The trigger is fully efficient
above 700keV. The cut represented by the dashed diago-
nal line in Figure 1 eliminates a population of events due
to interactions in the enrLXe region for which the charge
collection efficiency is low, leading to an anomalous light-
to-charge ratio. This cut also eliminates α decays from
the low background data, but causes only a negligible
loss of efficiency for γ- and β-like events. Cosmic-ray in-
duced backgrounds are removed using three time-based
cuts. Events preceded by a veto hit within 25ms are re-
moved (0.58% dead time). Events occurring within 60 s
after a muon track in the TPC are also eliminated (5.0%
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FIG. 5: Energy spectra in the 136Xe Qββ region for MS (top)
and SS (bottom) events. The 1 (2)σ regions around Qββ are
shown by solid (dashed) vertical lines. The 0νββ PDF from
the fit is not visible. The fit results have the same meaning
as in Figure 4.

dead time). Finally, any two events that occur within 1 s
of each other are removed (3.3% dead time). The combi-
nation of all three cuts incurs a total dead time of 8.6%.
The last cut, combined with the requirement that only
one scintillation event per frame is observed, removes β-
α decay coincidences due to the time correlated decay
of the 222Rn daughters 214Bi and 214Po. Alpha spectro-
scopic analysis finds 360±65 µBq of 222Rn in the enrLXe,
that is constant in time.
The SS and MS low background spectra are shown in

Figure 4. Primarily due to bremsstrahlung, a fraction
of ββ events are MS. The MC predicts that 82.5% of
0νββ events are SS. Using a maximum likelihood estima-
tor, the SS and MS spectra are simultaneously fit with
PDFs of the 2νββ and 0νββ of 136Xe along with PDFs
of various backgrounds. Background models were devel-
oped for various components of the detector. Results
of the material screen campaign, conducted during con-
struction, provide the normalization for the models. The
contributions of the various background components to
the 0νββ and 2νββ signal regions were estimated using
a previous generation of the detector simulation [8]. For
the reported exposure, components found to contribute
< 0.2 counts (0νββ) and < 50 counts (2νββ), respec-
tively, were not included in the fit. For the current ex-
posure, the background model treats the activity of the
222Rn in the air-gap between the cryostat and the lead
shielding as a surrogate for all 238U-like activities exter-
nal to the cryostat, because of their degenerate spectral

24 events between 
3.5-10MeV
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Kaml.
-Zen
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Xe100

Kaml.
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FIG. 11: (Color online) Energy spectra of the background from measured data (commissioning run in Fall 2009 [5]) and Monte
Carlo simulations in the 30 kg fiducial volume without veto cut (thick red solid line). Cosmogenic activation of LXe is not
included. The energy spectra of 85Kr and 222Rn decays in LXe are shown with the thin blue solid and dotted lines, respectively.
The thin black dashed histogram shows the theoretical spectrum of the 2⌫ double beta decay of 136Xe, assuming a half-life of
1.1⇥1022 years [14].

disequilibrium in the decay chain. The predicted back-
ground rate in the energy region below 100 keV is shown
in Figure 10 as a function of the 222Rn concentration in
the LXe.

A background contribution from each intrinsic radioac-
tive source of less than 10�3 events·kg�1·day�1·keV�1,
which is used as a reference value, translates into a con-
centration of natKr below 50 ppt, and an activity of 222Rn
in LXe of <20 µBq/kg in the entire target mass of 62 kg.
The background from 222Rn daughters in the LXe can
be reduced by a fiducial volume cut, removing decays at
the edge of the target volume which are likely to pro-
duce high energy gamma rays with a longer mean free
path which escape the target volume. For the 40 kg
and 30 kg fiducial volumes, a background level of 10�3

events·kg�1·day�1·keV�1 corresponds to 35 µBq/kg.

VI. COMPARISON OF THE PREDICTIONS
WITH THE MEASURED DATA

During the commissioning run in Fall 2009 [5], the level
of krypton in the LXe has been measured with a de-
layed coincidence analysis using a decay channel where
85Kr undergoes a beta-decay with E

max

= 173.4 keV to
85mRb (⌧ = 1.46 µs), which in turn decays to the ground
state emitting a gamma-ray with an energy of 514 keV.
The concentration of natKr in the LXe determined with
this technique is 143+130

�90 ppt [mol/mol], assuming a 85Kr
abundance of 10�11.

The 222Rn level in the LXe has been determined us-
ing a beta-alpha time coincidence analysis, where events
corresponding to the decays of 214Bi (T1/2 = 19.7 min,
E
max

= 3.27 MeV) and 214Po (T1/2 = 164 µs,
E
↵

= 7.69 MeV) are tagged. Based on this analysis, the

upper limit on the 222Rn activity in LXe is <21 µBq/kg.

The volumetric activity of 222Rn inside the shield cav-
ity has been continuously monitored during this commis-
sioning run and was always below 1 Bq/m3.

A comparison of the measured background spectrum
and the Monte Carlo simulation for the 30 kg fidu-
cial volume without veto cut is shown in Figure 11.
The energy region below 100 keV is shown separately
in Figure 12. For optimal energy resolution and im-
proved linearity, the energy scale of the measured spec-
trum exploits the anti-correlation between the light and
the charge [16]: S1 and S2 are combined according
to E = S1/4.4 + S2/132.6 [keV]. The simulated spec-
trum is smeared with a Gaussian function using the
energy resolution measured with calibration sources:
�(E)
E

= 0.009 + 0.485/
p
E [keV]. The contribution from

the detector and shield materials is scaled based on the
screening values shown in Table I. The upper limits from
materials screening are used as fixed values for the scal-
ing. For the level of 222Rn in the shield cavity we used
the value measured with a dedicated radon monitor, and
for the 222Rn level in the LXe - the value determined
with the delayed coincidence analysis. The level of kryp-
ton has been inferred from the best fit of the simulated
to the measured spectrum, and is in agreement with the
value obtained from the delayed coincidence method.

Very good agreement of the background model with
the data is achieved for the low energy region, below
700 keV, and for the main peaks: 214Pb (352 keV),
208Tl (583 keV), 137Cs (662 keV), 60Co (1173 and
1332 keV), and 40K (1460 keV). In particular, simulated
and measured background spectra agree well in the en-
ergy region of interest, below 100 keV (Figure 12). The
predicted rates of single scatter electronic recoil events in
the energy region of interest are presented in Table IV.

Constraints
Dark Matter experiments
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Abstract In this paper a new search for non-Paulian nu-
clear processes, i.e. processes normally forbidden by the
Pauli Exclusion Principle (PEP), is presented. It has been
carried out at the Gran Sasso National Laboratory of the
INFN by means of the highly radiopure DAMA/LIBRA
set-up (sensitive mass of about 250 kg highly radiopure
NaI(Tl)). In particular, a new improved upper limit for the
spontaneous non-Paulian emission rate of protons with en-
ergy Ep ≥ 10 MeV in 23Na and 127I has been obtained:
1.63 × 10−33 s−1 (90% C.L.). The corresponding limit
on the relative strength (δ2) for the searched non-Paulian
transition is δ2 ! (3–4) × 10−55 (90% C.L.). Moreover,
PEP-violating electron transitions in iodine atoms have also
been investigated. Lifetimes shorter than 4.7 × 1030 s are
excluded at 90% C.L.; this allows us to derive the limit
δ2
e < 1.28 × 10−47 (90% C.L.). This latter limit can also be

related to a possible finite size of the electron in composite
models of quarks and leptons providing superficial violation
of the PEP; the obtained upper limit on the electron size is
r0 < 5.7 × 10−18 cm (energy scale of E " 3.5 TeV).

PACS 29.40.Mc · 95.30.Cq

1 Introduction

The exclusion principle was postulated by W. Pauli in 1925
to explain atomic spectra and regularities of the Periodic Ta-
ble of the elements. In modern Quantum Field Theory the

a e-mail: rita.bernabei@roma2.infn.it

Pauli Exclusion Principle (PEP) is related to the spin statis-
tics [1] and automatically arises from the anti-commutation
property of the fermion creation and destruction operators.

However—despite the fact that the foundation of PEP lies
deep in the structure of Quantum Field Theory—a simple
and easy explanation is still missing as nicely stressed by
Feynman [2]. Thus, although all the well known successes
of the PEP in explaining some atomic, condensed-matter
and nuclear phenomena as well as the crucial role played
in the discovery of quantum chromodynamics, the exact va-
lidity of the PEP is still an open question. In fact, the general
principles of quantum theory do not require that all the parti-
cles must be either fermions or bosons, but also generalized
statistics could be considered [3]. In particular, in the con-
text of the many available theoretical attempts to go beyond
Bose and Fermi statistics [4–8] it is useful to recall the “q-
commutation algebra” developed in [9–11]:

aia
†
j − qa

†
j ai = δij , −1 ≤ q ≤ 1. (1)

In the limit q = −1 + β2, with β2 % 1, this algebra can
describe particles with a small probability (δ2 = β2

2 ) of ad-
mixed symmetric component; thus the model provides small
PEP violations.

Similar arguments have inspired many experimental tests
of the PEP validity with improved sensitivities since the first
pioneering experiments [12–15]. In particular, four classes
of experiments have been considered so far: (i) searches for
PEP-forbidden electronic states [16–19]; (ii) searches for
PEP-forbidden nuclear states [20]; (iii) searches for PEP-
forbidden electronic transitions [21–24]; (iv) searches for
PEP-forbidden nuclear transitions [25–29].

only 22 days out of 12 years

conservative: 
1S recombination with Iodine
no      produced  �0s

Constraints
Dark Matter experiments
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high-mass isotopes. These formulas reproduced our mea-
sured stripping yields reasonably well.
The rate for negative ion production can be written as

N (m)= Y(m)S (m), where Y(m) is the sputtering
yield and S (rn) is the negative-ion formation probabili-
ty. For the sputtering yield, we use the empirical formula
of Matsunami et 01., which indicates a relative loss of
about an order of magnitude at mass 10000. For S (m),
we use the theory of Norskov and Lundquist, ' which
agrees well with experimental observations of Yu and
Vasile. In this model, S (m) ~exp( —P&m); for P, we
use the value that was determined for ' 0 in Ref. 31.

0
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Abundance Limits for X Particles

V. RESULTS

in(a) ~ 1 1

ml mp

where m& and mi, are the light and heavy masses. ' This
relation was used to estimate the maximum chemical
fractionation of anomalous-mass isotopes in nature by
fixing the proportionality constant to match the mea-
sured values for known isotopes. Estimates of these
effects for heavy isotopes for several elements are given in
Table III. Fractionation effects for hydrogen are the

We find no evidence for anomalous isotopes of terres-
trial H, Li, Be, B, C, 0, and F in the mass range from 100
to 10000 amu. We establish concentration limits as list-
ed in Table II, and shown in Fig. 7. For the case of heavy
hydrogen, we only show the results for the seawater sam-
ple and the heavy-water sample that was enriched by a
factor of 10 . No candidates were found in any of the
other water samples; the concentration limits derived
from them are similar to those presented degraded by the
relative enhancement factors. Except for the lower mass
range of hydrogen, these limits are the most sensitive re-
ported to date. In the case of hydrogen, our results set
the most stringent concentration limits for masses in the
range 1200 to 10000 amu.
The concentration limits are well below the theoretical-

ly expected level of 10 ' to 10 ' heavy particles per nu-
cleon. Geochemical processes are not expected to
dramatically change the concentration of heavy isotopes
in matter. For example, in Bigeleisen's model, ' the ratio
of maximum fractionation effects for different mass iso-
topes, a, has a mass dependence given by

„-3o I

100
! I I IIIII I

101

'H (f4)
I 1 I I III

102

Mass (GeV)

. . . , „„I
104

I I I I I III
105

FIG. 7. Measured concentration limits for Xparticles in vari-
ous elements. Previous results are shown with dashed lines with
the corresponding reference number indicated in parentheses.
The present results for X particles are shown with solid lines,
and for X+ particles as dotted-dashed lines. For hydrogen, only
the results for the seawater sample and the sample that was en-
riched by a factor of 10 are shown.

most severe, the concentration of heavy-mass isotopes be-
ing suppressed by about a factor of 100; for carbon, it is
less than 10. Smith and Bennett have considered the
effects of oceanic settling of heavy-mass isotopes. They
find an equilibrium time constant of &10 years, much
longer than the mixing rate for the oceans, which is of or-
der 10 years. Thus, heavy isotopes in ocean water would
remain homogenized.
The difference between our observed concentration

limits for hydrogen and the predicted concentrations for
X+ particles are many more orders of magnitude lower
than can be explained by fractionation processes. Thus
we conclude that stable X+ particles of the type dis-
cussed in Refs. 7 and 8 do not exist in the mass range
from 100 to 10000 amu. The case for a negatively
charged X particle, which might preferentially attach
to some particular nucleus, is somewhat more ambiguous.
Nevertheless, our limits, covering a variety of nuclear
species, are well below predicted levels (by a factor of 10s
in the case of carbon). Thus, a stable X particle in the
same mass range must be considered to be extremely un-

TABLE II. Abundance limits (at the 2o level) for heavy isotopes established by this experiment. In the case of H, C, and 0, sam-
ple enrichment techniques were used.

Mass (amu)

100
500
1000
5000
10000

H

2X10 '4

9X 10
3x10-"
2x10-"
3X10

Li

2x10-"
3x 10-"
6x 10-"
9x 10-"
7x 10-"

Be

4x10-"
2X 10
1x10-"
1x10-'
7 x10-'

4x10-"
1x10-"
6x 10-"
1x10-"
Sx10-"

4x10-"
2x10-"
Sx10 "
3x10-"
2 x10-"

0
4x 10-"
6x10-"
4x 10-"
4x 10-"
3x10-'4

F
7x10 "
5X10
4x10 "
3x10-"
2x10-"

Hemmick et al, PRD 1990

Constraints
anomalously heavy nuclei
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CMS collider constraint

• we only consider the 
stau pair production 
channel 

• limit depends on stau 
mass; no limit above 
210GeV

CMS constraints      arXiv:1205.0272 

!  7 TeV center-of-mass energy and 5 fb-1 luminosity.  
!  Search for large rate of energy loss through ionization 

and an anomalously long time-of-flight (TOF). 

Tracker, measures dE/dx 
Muon chamber, detect 
long time-of-flight 

14 6 Results

production used in this paper are computed at leading order only. The theoretical uncertainty
was not evaluated because of the lack of corresponding theoretical NLO calculations. For a
fixed er mass, the eK eK cross section is a combination of a er resonance and Drell-Yan production.
When the eK mass is much smaller than half the er mass, Drell-Yan production dominates. As
the eK mass increases, resonance production becomes increasingly important, and dominates as
the kinematic limit for eK eK pair production is approached. For eK mass greater than half the er
mass, resonance production turns off, resulting in a steep drop in the total cross section (shown
by the nearly vertical line in Fig. 4). In addition, near the kinematic limit the er ! eK eK process
produces very low velocity eK particles. The signal acceptance therefore decreases dramatically
until the resonance production turns off, at which point the acceptance increases again. This
results in a spike in the cross section limit near the kinematic limit.

From the intersection of the cross section limit curve and the central value of the theoretical
cross section band, a 95% CL lower limit of 1098 (1046) GeV/c2 on the mass of pair produced eg,
hadronizing into stable R-gluonballs with 0.1 (0.5) probability, is determined with the tracker-
only selection. The tracker+TOF selection gives a lower limit of 1082 (1030) GeV/c2 for the same
signal model. The analogous limit on theet1 mass is 714 GeV/c2 with the tracker-only selection
and 737 GeV/c2 with the tracker+TOF selection. The charge suppression scenario discussed
above yields a eg mass limit of 928 GeV/c2 for f = 0.1 and 626 GeV/c2 for the et1. The limits
on GMSB and pair produced et1 are calculated at 314 and 223 GeV/c2, respectively, with the
tracker+TOF selection. The mass limits on eK are established at 484, 602 and 747 GeV/c2 for er
masses of 800, 1200 and 1600 GeV/c2, respectively, with the tracker+TOF selection.
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Figure 3: Predicted theoretical cross section and observed 95% CL upper limits on the cross
section for the different signal models considered: production ofet1, eg, and et1; different fractions
f of R-gluonball states produced after hadronization; standard and charge suppression (ch.
suppr.) scenario. Left: tracker-only selection. Right: tracker+TOF. The uncertainties in the
theoretical cross section are shown as bands around the central values.

CMS constraints      arXiv:1205.0272 

!  We only take the pair production channel into account.  
!  The coupling between Z boson and     depends on the 

mixing angle of     and      .  
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An application: 
Fermi 130 GeV gamma ray line

8 

• 4.01σ (local) 1D fit at 130 GeV with 4 year unreprocessed data 
• Look in 4°x4°GC ROI, Use 1D PDF (no use of PE) 

• 3.73σ (local) 1D fit at 135 GeV with 4 year reprocessed data 
• Look in 4°x4°GC ROI, Use 1D PDF (no use of PE) 

Bringman et al. 2012, Weniger 2012,...
Bloom et al.  2013 (Fermi Collab.)

unexplained line 
feature in gamma 
rays from the 
galactic center 

130-135 GeV
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• Emission from GC requires annihilation
cross section  

• enhancement possible through 
“stauonium resonance” via

2⇥ 130GeV = 2m�

2me⌧

Eb(e⌧+e⌧�) ' 2�m
resonance
condition

h�vi�� ⇠ 10�27 cm3/s

) �m . 0.9MeV

Resonance enhancement 

⌧̃+⌧̃� bound state

Ek + Ebinding � 2�m ⇡ 0

Ek ⇡ 0.1 MeV

E(0)
binding =

↵2
emm⌧̃

4
⇡ 1.7 MeV

RegL ⇡ ImgL ⇡ RegR ⇡ ImgR ⇡ 0.06With                                                      , (micrOmega) 
we can get correct relic abundance through the forbidden 
channel and the resonance of the stau bound state can 
generate enough enhancement to fit the gamma ray data from 
the galactic center.  

�m . 0.9 MeV

�(gLPL + gRPR)⌧e⌧ † + h.c.

An application: 
Fermi 130 GeV gamma ray line
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Fermi line explanation 
excluded from the 
combined constraint 
from neutrino 
experiments and CMS
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An application: 
Fermi 130 GeV gamma ray line
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Recombination - Case B 

• encouraged by success of our semi-classical calculation for Case A, 
use it for Case B (nuclear transmutation                     )          

• Step 1: calculate cross section for 

• Step 2: use Fermi gas model for density and momentum 
distribution of n and p inside the nucleus;  
consideration of fly-by time again gives cross section. 

• Note: because of Pauli-blocking, part of the potential energy must 
be invested to lift     above the Fermi surface of 

X0n ! X�p

NZ ! NZ+1

NZ+1p

X0

N
Z

N
Z+1

W

X−



    Josef Pradler - INFO 2013

cosmological constraints  
long-lived charged relics

• CHAMPs during BBN lead to 
severe overproduction of 6Li 
from bound states with He.

(4HeX−)

(8BeX−)

D/H

Yp

N

X−

9Be/H|CBBN

6Li/H|SBBN

6Li/H|CBBN

τX− = 5 × 103 sec
YX− = 5 × 10−4

T/keV
100 10 1

1

10−2

10−4

10−6

10−8

10−10

10−12

10−14

10−16

Catalyzed BBN

SUSY DM with a long-lived stau NLSP, DESY Theory Workshop 2008 Josef Pradler, MPI für Physik

• The presence of τ̃−
1 = X− during BBN leads to bound-state formation

of X− with light elements

• e.g. for production of 6Li [Pospelov, 2006]

standard BBN:
→ 〈σSv〉 He4 Li6

D γ

catalyzed BBN:
→ 〈σCv〉

Li6

He4

D

X−X( −)

cross-section enhanced by 7 orders of magnitude

standard BBN:

catalyzed BBN:

Pospelov PRL 2006 Pospelov, Pradler Ann.Rev.Nucl.Part.Sci. 2010
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MS signal induced by dark matter 

 
•  Excited state 

decays to ground 
state by emitting 
gammas. 

EXO200, Xenon chamber 

Xe 
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Conclusions

• Entertained a model with a new neutrino that couples with
stronger-than-weak interactions to quarks, guarded by the
“oscillation portal”

yields alternative explanation to the dark matter direct detection 
anomalies

in some variants of the model, it may also have interesting implications 
for the recent non-atmospheric (sub)-PeV IceCube neutrino obs.

• Rare event searches with good MeV sensitivity can test the co-
annihilation regime where DM has electromagnetic charged
excitations---in regions that are out of kinematic reach at LHC.

Thank you!


